The inflammatory response is designed to help fight and clear infection, remove harmful chemicals, and repair damaged tissue and organ systems. Although this process, in general, is protective, the failure to resolve the inflammation and return the target tissue to homeostasis can result in disease, including the promotion of cancer. A plethora of published literature supports the contention that dietary n-3 polyunsaturated fatty acids (PUFA), and eicosapentaenoic (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) in particular, are important modulators of a host's inflammatory/immune responses. The following review describes a mechanistic model that may explain, in part, the pleiotropic anti-inflammatory and immunosuppressive properties of EPA and DHA. In this review, we focus on salient studies that address three overarching mechanisms of n-3 PUFA action: (i) modulation of nuclear receptor activation, i.e., nuclear factor-κB (NF-κB) suppression; (ii) suppression of arachidonic acid-cyclooxygenase-derived eicosanoids, primarily prostaglandin E 2 -dependent signaling; and (iii) alteration of the plasma membrane microorganization (lipid rafts), particularly as it relates to the function of Toll-like receptors (TLRs), and T-lymphocyte signaling molecule recruitment to the immunological synapse (IS). We propose that lipid rafts may be targets for the development of n-3 PUFA-containing dietary bioactive agents to down-modulate inflammatory and immune responses and for the treatment of autoimmune and chronic inflammatory diseases.
Introduction
Complementary and alternative medicine is commonly practiced by Americans (40-60%) to ameliorate an array of diseases and to promote optimal health [1] . With respect to dietary lipids, the anti-inflammatory properties of fish oil, containing long-chain n-3 polyunsaturated fatty acids (PUFA), has been extensively evaluated in experimental rodent and cell culture model systems over the past three decades. A plethora of dietary studies using rodent species have demonstrated that dietary fish oil reduces pro-inflammatory responses, in part, by diminishing T-cell proliferative capacity in response to mitogenic stimuli and antigenic stimulation [2] [3] [4] [5] [6] . Similar suppressive effects were observed with respect to the dendritic cell, endothelial cell, macrophage, and neutrophil components of the inflammatory response [7] [8] [9] [10] [11] [12] . By using purified diets enriched with fish oil or eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA) ethyl esters, a number of studies have demonstrated that both EPA and DHA are bioactive and suppress antigen-specific delayed hypersensitivity reactions and mitogeninduced proliferation of T-cells, as well as modulate murine T-helper cell (Th1/Th2) balance [13] [14] [15] . The loss of lymphoproliferative activity was accompanied by reduction in interleukin (IL)-2 secretion and IL-2 receptor α chain mRNA transcription, suggesting that dietary n-3 PUFA act, in part, by interrupting the autocrine IL-2 activation pathway [16] . In addition, dietary DHA blunted the production of intracellular second messengers, including diacylglycerol and ceramide, following mitogen stimulation ex vivo [16] [17] [18] . These data conclusively demonstrate that dietary n-3 PUFA modulate components of the intracellular signaling pathways regulating T-cell activation. In theory, these alterations in T-cell function could reflect both the direct effects of dietary n-3 PUFA in impairing the ability of the target T-cell population to respond to activating stimuli, and the indirect effects of n-3 PUFA on the activity of other cells (accessory cells or other T-cell populations) to suppress the response of the target cells; or a combination of these two distinct mechanisms. Most previous studies addressing these issues have been carried out in unseparated populations of T-cells and accessory cells stimulated with mitogenic agents, which act indiscriminantly on generic T-cell surface ligands. Our laboratory demonstrated that n-3 PUFA affect T-cell receptor-mediated activation by both direct and indirect (accessory cell) mechanisms [19] . Other studies have affirmed these observations [11, 20] .
Immunosuppressive effects of n-3 PUFA in humans
Epidemiological data collected in the 1970s indicate that Greenland Eskimos, who typically consume large amounts of n-3 PUFA, have a decreased incidence of inflammatory disease relative to Americans. Similar observations were made in the Japanese population, which led to the correlation between a decreased incidence of inflammatory disease and increased cold water fish consumption [21, 22] . Although scientists have tested the effects of dietary fish oil supplementation in humans, in general, the data are inconclusive regarding the ability of n-3 PUFA to suppress chronic inflammatory diseases. For example, there have been at least 14 randomized placebo-controlled double-blind studies of n-3 PUFA-rich fish oil in patients with rheumatoid arthritis (see review, [22] ). Several investigators have reported that patients consuming n-3 PUFA supplements were able to lower or discontinue their anti-inflammatory drugs [23, 24] . However, confirmatory, definitive studies are needed in order to make recommendations for clinical practice. Although a growing body of published reports support the contention that n-3 PUFA are safe and may be effective for maintenance of remission of inflammatory bowel diseases (IBD) [25] [26] [27] [28] [29] , there are not sufficient data to recommend the routine use of EPA/DHA for maintenance of remission in IBD. Similarly, with regard to airway inflammation, which is a major component of asthma, preliminary research indicates that certain subjects with bronchial asthma may respond favorably to fish oil supplementation [30] [31] [32] [33] . Therefore, while these clinical studies are promising, additional research clearly is required.
Human cytokines
Inflammation is a component of several acute and chronic human diseases, and is characterized by activation/production of at least four classes of active compounds: (i) inflammatory cytokines, (ii) arachidonic acid (AA) (20:4n-6)-derived eicosanoids, (iii) inflammatory mediators (e.g., platelet activating factor), and (iv) adhesion molecules. In order to evaluate the therapeutic value of long-chain n-3 PUFA, a number of investigators have examined the effect of diet on blood inflammatory cell populations and plasma biomarkers of inflammation in healthy adults. In general, the consumption of EPA and DHA are associated with lower levels of inflammatory mediators and soluble adhesion molecules [7, 30, [34] [35] [36] [37] [38] . In contrast, alpha linolenic acid (18:3n-3), a precursor to EPA and DHA, may not elicit anti-inflammatory effects [39, 40] .
It is now apparent that chronic inflammatory diseases are characterized by interactions among multiple genes and environmental factors such as diet [41] . Hence, it is important to understand the role of genetic variation in inflammation and chronic disease. More specifically, it is likely that the complex effects of n-3 PUFA on cytokine biology and plasma biomarkers of inflammation can be explained, in part, by polymorphisms and genotypes of the responsive subjects [42, 43] . With regard to dietary lipid source, both the relative and absolute dietary intake of n-3 and n-6 PUFA, which compete for the same transport and acylation pathways, influence the tissue levels of EPA and DHA [44] . This is further complicated by the fact that common genetic variants of the FADS1/FADS2 gene cluster differently convert n-3 and n-6 PUFA catalyzed by the Δ5 and Δ6 desaturase, respectively [45] . Other factors that may influence the effects of long-chain n-3 PUFA on immune function in healthy humans include dose-related effects [46] and age [46, 47] . Indeed, there is some evidence that dietary EPA and DHA may differentially influence immune cell function in healthy human subjects [48] . For example, DHA, but not EPA, suppressed T-cell activation as assessed by CD69 expression [49] . Clearly, additional work is needed in order to elucidate the distinct anti-inflammatory properties of EPA and DHA. The following sections describe three mechanistic models that accommodate diverse views on the immunosuppressive properties of n-3 PUFA.
Putative mechanisms of action Lipid rafts and long-chain n-3 PUFA
There are a number of mechanisms which functionally link the pleiotropic effects of EPA and DHA to inflammation. Examples include (i) alteration of membrane self-organizing lipid raft domains, (ii) modulation of nuclear receptor activation, and (iii) metabolic interconversion into bioactive eicosanoids/docosanoids (Fig. 1) .
Defining the molecular and cellular mechanisms that regulate immunological homeostasis is the focus of intense research. Recent studies on the various functional capacities of T-cells and antigen-presenting cells, e.g., dendritic cells, have demonstrated the presence of specific detergent-resistant domains (rafts) in which key signal-transduction proteins are localized. Typically, upon cell activation, rafts compartmentalize the activated receptor complexes and associated signal-transducing molecules, thus providing an environment conducive to signal transduction [50] . While evidence for the existence of lipid rafts in the plasma membrane has provoked debate, new sophisticated imaging approaches have started to define cell surface nanoscale organization [51] [52] [53] . Recently, a number of investigators have documented the unique membrane altering properties of long-chain n-3 PUFA (see [54, 55] for details). Data from these and other studies demonstrate that DHA is a unique fatty acid, because it significantly alters basic properties of cell membranes, including fatty acid chain order and fluidity, phase behavior, elastic compressibility, ion permeability, fusion, rapid flip-flop, and resident protein function [55, 56] . Because of its polyunsaturation, DHA is sterically incompatible with sphingolipid and cholesterol and, therefore, is capable of altering lipid raft behavior and protein function in living cells [14, 57, 58] . Although the complexity of this issue precludes drawing any conclusions, based on our observations [14, [57] [58] [59] [60] , we have hypothesized that dietary DHA alters plasma membrane microdomain lipid composition, thereby directly influencing protein signaling complexes that regulate immune responses and inflammation. Alternatively, DHA may inhibit signaling protein post-translational lipidation, which subsequently may alter lipid raft targeting and protein function. This may explain how DHA elicits immunological hyporesponsiveness, thereby suppressing inflammatory mediators in humans. Unfortunately, no studies to date have compared the membrane altering domain properties of DHA with EPA in innate immune cells with antigen-presenting function or conventional T-cell populations.
The mechanisms by which the body senses the diverse molecular factors that trigger inflammation have recently been elucidated. The recognition of conserved pathogen-associated molecular patterns (PAMPs) enables the innate immune system to generate an appropriate immune response [61] . Germline encoded pattern recognition receptors (PRRs) include Tolllike receptors (TLRs), Nod-like receptors (NLRs), and C-type lectin receptors, all of which regulate immune activation in response to diverse stimuli, including infection and tissue injury. It is now recognized that the lipid components of the diet can modulate transmembrane TLRs and the consequent inflammatory and immune responses. In a series of seminal findings, Hwang and colleagues demonstrated that DHA acts as a pan-inhibitor of various TLRs and NLRs, suppressing nuclear factor-κB (NF-κB)-related signal transduction [20, 62, 63] . These data provide a putative link between n-3 PUFA, NF-κB, innate immunity (epithelial cells, macrophages, dendritic cells), and adaptive immune (T-cells) responses. Interestingly, lipid rafts have been implicated in the regulation and activation of TLR signaling complexes [64, 65] . It is currently unclear whether alteration of lipid rafts by n-3 PUFA is a major mechanism by which DHA alters TLR signaling in a variety of cell types.
Effects of n-3 PUFA on eicosanoid/docosanoid metabolism
The long-chain n-3 PUFA present in dietary fish oil, EPA and DHA, affect diverse physiological processes by dampening arachidonic acid-derived eicosanoid (prostaglandin and leukotriene) signaling [10, 66] . This is significant because AA-derived mediators can act to both promote and inhibit inflammation [67] [68] [69] . Interestingly, the AA pool(s) for eicosanoids in humans is not quickly influenced by dietary n-6 PUFA because of a large pool(s) size of AA and a low conversion of metabolic precursors to AA. In contrast, the n-3 PUFA pool(s), which is considerably smaller, is immediately influenced by n-3 PUFA supplementation [70] . Recently described resolvins, docosatrienes, and neuroprotectins derived from EPA and DHA represent endogenous biochemical mediators that can counter-regulate inflammation [71] . Given their potent bioactivity, it is now clear that these n-3 PUFA metabolites contribute to the termination of inflammation [72] . With respect to disease states, lipid mediator informaticslipidomics approaches suggest that the biosynthesis of these proresolving molecules may be defective in patients with chronic inflammation [69, 71] .
Although EPA is normally found in much lower abundance than DHA in tissues [66] , the recent discovery of EPA-derived novel autoxidation has generated much interest in the inflammation field [73] . Non-enzymatic highly reactive cyclopentenone isoprostane compounds (A 3 /J 3 -isoprostanes) appear capable of activating NF-E2-related factor 2 which, in turn, can enhance antioxidant gene expression that regulates detoxification of reactive oxygen species [74] . At present, further work is needed to understand precisely how n-6/n-3 PUFA consumption modulates non-enzymatic and enzymatically oxidized proresolving forms of EPA and DHA.
Nuclear receptor activation/gene transcription
Additional insight into the mechanisms by which dietary n-3 PUFA inhibit inflammatory responses was provided by the identification of several nuclear receptors, e.g., peroxisome proliferator-activated receptors (PPARs) and retinoid X receptors, which are activated at micromolar concentrations by EPA and DHA [75] [76] [77] [78] . Interestingly, PPARs can transrepress inflammatory responses mediated by the transcription factor NF-κB [79] . This is significant because activation of NF-κB appears to link inflammation and immunity to cancer development and progression [80, 81] . Other molecular pathways that do not require PPARs and may be involved in the PUFA-mediated regulation of inflammation include hepatocyte nuclear factor 4α (HNF4α) [82] . Interestingly, EPA and DHA-CoA thioesters may act as suppressor ligands of HNF4α [83] .
In summary, a growing number of dietary supplementation studies using healthy human subjects, as well as animal disease models, have clearly shown dietary fish oil to possess antiinflammatory properties. The primary effector molecules are n-3 fatty acids, EPA, and DHA, which are present in relatively low quantities in the western diet. Although the mechanisms of EPA and DHA action are still not fully defined in molecular terms, it is becoming increasingly clear that these long-chain fatty acids alter immune cell membrane lipid microdomain properties, modulate nuclear receptor activation, and alter the spectrum of cyclooxygenase and lipoxygenase metabolites, which collectively may explain their pleiotropic properties (Fig. 1) . Unfortunately, at present there are limited data to support the notion that n-3 PUFA ameliorate clinical symptoms in patients affected by diseases characterized by active inflammation. It is highly likely that genetic differences contribute to variable response to n-3 PUFA supplementation, making it difficult to determine how best to use EPA and/or DHA in the prevention and/or treatment of inflammatory and autoimmune diseases.
In conclusion, this workshop on DHA as a required nutrient raised some important issues. If DHA has significant health benefits for humans, which can be documented, then a DRI value should be considered. For the nutrient to be "required" means that it is unlikely to be obtained in sufficient amounts from a precursor substance and thus a specified amount would have to be obtained as DHA per se. Data summarized by Burdge and Calder [84] suggest that the conversion of alpha linolenic acid to DHA is less than 0.5% and that the beneficial effects of DHA occur at the level of 500 mg/day. This gap between intake and efficacy suggests that DHA is conditionally essential and that a DRI value for DHA should be considered. The next consideration is the selection of an endpoint for the determination of a DRI value. From the reports presented, it is unlikely that anti-inflammation would be the most important endpoint, since this is an emerging field rather than having coronary heart disease (CHD) as the endpoint for which there are extensive data. However, the anti-inflammatory data presented in this paper are important because they provide a clear biological mechanism(s) by which DHA may exert its beneficial effect. Since inflammation is considered to have a major impact on CHD, if CHD risk reduction is used as the endpoint for a DRI value for DHA, then these data on inflammation could be used to help establish a mechanistic basis. Proposed molecular model by which EPA and DHA modulate immune cell function and inflammation. n-3 PUFA suppress nuclear receptor activation, e.g., NF-κB, arachidonic acidcyclooxygenase-derived eicosanoids, and alter plasma membrane micro-organization (lipid rafts), particularly as it relates to the function of Toll-like receptors, and T-lymphocyte signaling molecule recruitment to the immunological synapse. We propose that lipid rafts may be targets for the development of n-3 PUFA-containing dietary bioactive agents to downmodulate chronic inflammatory responses: AA, arachidonic acid (20:4 Δ5, 8, 11, 14 , an n-6 PUFA); DHA, docosahexaenoic acid (22:6 Δ4,7,10,13,16,19 ); (EPA, eicosapentaenoic acid (20:5 Δ5,8,11,14,17 ); NF-κB, nuclear factor κB; IκB, inhibitor of NF-κB; IL, interleukin; PPAR, peroxisome proliferator-activated receptor; PUFA, polyunsaturated fatty acids; TLR, Toll-like receptors are a member of the pattern recognition receptor family. These receptors recognize highly conserved pathogen-associated molecular patterns (PAMPs) to generate an immune response; TNFα, tumor necrosis factor alpha.
